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Abstract: 

A label-free sensing assay for ethanolamine (EA) detection based on 

G-quadruplex-EA binding interaction is presented by using G-rich aptamer DNA 

(Ap-DNA) and electrochemical impedance spectroscopy (EIS). The presence of K+ 

induces the Ap-DNA to form a K+-stabilized G-quadruplex structure which provides 

binding sites for EA. The sensing mechanism was further confirmed by circular 

dichroism (CD) spectroscopy and EIS measurement. As a result, the charge transfer 

resistance (RCT) is strongly increased as demonstrated by using the ferro/ferricyanide 

([Fe(CN)6]
3-/4-) as a redox probe. Under the optimized conditions, a linear relationship 

between ∆RCT and EA concentration was obtained over the range of 0.16 nM and 16 

nM EA, with a detection limit of 0.08 nM. Interference by other selected chemicals 

with similar structure was negligible. Analytical results of EA spiked into tap water 

and serum by the sensor suggested the assay could be succesfully applied to real 

sample analysis. With the advantages of high sensitivity, selectivity and simple sensor 

construction, this method is potentially suitable for the on-site monitoring of EA 

contamination. 
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1. Introduction 

Organic amines are a class of ubiquitous environmental contaminants with high 

mutagenicity, teratogenicity and carcinogenicity [1, 2]. The carcinogenesis of the amines is 

mainly due to the highly reactive and electrophilic intermediates produced by N-hydroxylation 

of the amine group in metabolic activation process [3, 4], as the produced intermediates can 

interact with nucleobases to form DNA adducts and produce different types of lesions [5, 6], 

which can induce mutation in the process of DNA replication and transcription, and finally 

initiating cancer disease [7]. Ethanolamine (EA), one of the smallest molecules of aliphatic 

amine with simple structure, plays very important roles in textile, chemical industries, 

pharmaceuticals, biology science, and has been widely used in the production of dyes and 

pesticides intermediates, insecticide, medicine, adhesives, rubber-manufacturing processes 

(rubber accelerator, vulcanizing agent of the rubber) and surfactant. However, studies showed 

that human exposure to EA can irritate the skin, eyes and cause damage to the respiratory tract 

[8]. Furthermore, EA can also inhibit the nervous system when it entered the human body. 

Besides, it’s confirmd that EA is associated with Alzheimer’s disease [9], Schizophrenia [10], 

and the carcinogenic activity of EA is investigated as well [11]. So it is necessary to develop 

efficient methods for the determination of EA. 

Commonly, high-performance liquid chromatography (HPLC) with UV and/or fluorescence 

detection method is the thchnique that widely used for detection of small molecules [11]. 

However, these methods are relatively complicated; require expensive equipments, 

time-consuming pre-treatment of the sample prior to analysis, highly qualified technicians and a 
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laboratory environment. Under this situation, an achievement of simple and cost-effective assay 

is imperative [12]. Electrochemical technique is an interesting and convenient alternative that 

has allowed one to simplify the detection process [13], and is ease to miniaturize resulting in low 

consumption of nucleic acid aptamers [14]. Especially, the interaction between DNA and the 

target molecules provides the basis for analytical devices in laboratory [15]. So electrochemical 

DNA sensors possess enormous potential for the task of rapid, simple and sensitive detection of 

target molecules [16, 17] due to their convenience, high selectivity and sensitivity. And 

electrochemical impedance spectroscopy (EIS) has been proven to be a most powerful and 

sensitive tool for probing the features of surface-modified electrodes [18]. EIS biosensors 

possess unique advantages, such as the ability to separate the surface binding events from the 

solution impedance, ease of signal quantification, less damage to the biological interactions 

being measured, and the possibility to use non-labeled DNA [19]. 

Up to date, little efforts have been given to develop DNA sensors for amine compounds, 

and only a few DNA sensor for the detection of the aromatic amines based on the binding 

interaction have been reported [20, 21]. For example, Liang et al. reported a hairpin DNA 

modified sensor for the electrochemical determination of amino-substituted naphthalene 

compounds with high sensitivity, and further confirmed the binding mode of the 

aminonaphthalenes with hairpin DNA [12]. However, all these electrochemical DNA sensors 

showed poor selectivity to the target amine compounds, and can not discriminate between 

different amine componds. So developing sensors for amine compounds with high selectivity is 

still of a great challenge. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

In contrast, aptamer exhibits high affinity to specific targets. Thus, aptamers become 

important components in the design of biosensors, and aptamer-based sensors have been widely 

usded for targeting small molecule [22], such as cocaine [23], organophosphorus pesticides [24, 

25], heavy metals [26], pharmaceuticals [27, 28], due to the considerable advantages, such as 

thermal stability, simpler preparation, lower-priced production cost, high selectivity and 

sensitivity for targets [22, 29]. Until now, EA aptamer, one of the smallest aptamer targets so far, 

has been in vitro-selected [30], but few aptamer sensors have been constructed for EA detection. 

On the basis of the findings, Heilkenbrinker group reported an aptamer-based microarray assay 

based on competition between EA and the fluorescein-labeled DNA strand, which is 

complementary to the aptamer DNA sequence immobilized on the microarray surface [11]. This 

methods made great improvements in detection techniques for EA. However, the signal-off 

fluorescent sensor has a major drawback in that the fluorescence signal can be easily affected by 

matrixes existed in the testing system, which limit the scope of their applications in 

environmental and biological samples. Therefore, it still remains a challenge to achieve simple, 

cost-effective, label-free determination of EA with high capacity of resisting disturbance, which 

could really meet the requirements for EA detection in real samples. So developing aptamer 

DNA-based sensors with high specificity, sensitivity is of great significance. 

In the present work, a label-free sensing assay for the detection of EA was reported based 

on aptmer DNA (Ap-DNA) sensor by electrochemical impedance spectroscopy (EIS). Simply, a 

hairpin Ap-DNA was first immobilized on the gold electrodes and transformed into 

G-quadruplex, which can bind with EA. The interaction mechanism was further confirmed by 
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circular dichroism (CD) spectroscopy and EIS. Depending on the difference of charge transfer 

resistance change (∆RCT) before and after reaction with EA, EA can be sensitively and 

selectively detected with a detection limit of 0.08 nM in buffer solution. Finally, the Ap-DNA 

assay was successfully performed in natural tap water and serum samples. 

2. Materials and methods 

2.1 Materials 

The following DNA sequences (the thiolated arbitrary single-stranded DNA and aptamer 

DNA of EA) were purchased from Shanghai Sangon Biological Engineering Technology & 

Service Co. Ltd (http://www.sangon.com). 

5'-HS-(CH2)6-TTTTTTTATTCAAGAGGTGGGT-3' (ss-DNA) 

5'-HS-(CH2)6-TTTTTTTATTCAATTTGAGGCGGGTGGGTGGGTTGAATA-3' (Ap-DNA) 

6-Mercapto-1-hexanol (MCH), NaClO4, Tris (tris-(hydroxymethyl)-aminomethane) (Tris), 

tris (2-carboxyethyl) phosphine hydrochloride (TCEP), K3[Fe(CN)6], K4[Fe(CN)6], EDTA, KCl, 

MgCl2, [Ru(NH3)6]Cl2, [Ru(NH3)6]Cl3 were purchased from Sigma-Aldrich 

(http://www.sigmaaldrich.com/china-mainland.html) and used without further purification. 

Ethanolamine (EA), ethanol, glycol, isopropanol, isopropanolamine (IPA), HCl, HClO4, NaCl, 

CaCl2 were purchased from Sinopharm Chemical Reagents Beijing Co., Ltd 

(http://www.crc-bj.com). Fetal calf serum (FBS) was obtained from JIBCO (Cat: 10099-141, 

Invitrogen, MA, USA). The working gold electrodes, 99.99% (w/w) polycrystalline with a 

diameter 1 mm, were obtained from Aida Instrument Inc. in Tianjin (China) 

(http://www.tjaida.cn) and cleaned prior to use as reported before. 
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The stock solutions of thiolated DNA (10 µM) was prepared in Tris-HCl buffer (20 mM, 

pH=7.4) and then heated at 80 ℃ for 5 min to remove possible DNA aggregates and to 

dissociate any intermolecular interaction, obtaining uniform single-standed DNA solution and 

gradually cooled to room temperature prior to use [19]. And then, the DNA stock solution was 

diluted to a final concentration of 1 µM with the DNA immmobilization buffer (10 mM Tris-HCl, 

1.0 M NaCl, 1mM EDTA, 1 mM TCEP, pH 8.0). TCEP was used to cleave disulfides. Besides, 

the Tris-HCl buffer (20 mM, pH=7.6) containing 100 mM NaCl, 5 mM KCl, 2 mM MgCl2, 1 

mM CaCl2, 0.02% Tween was prepared and used as binding buffer (B-buffer) for Ap-DNA and 

EA. EA was diluted with B-buffer to obtain a series of EA solutions with different concentration 

prior to use. Serum sample was prepared by diluting with B-buffer with a final concentration of 

10% serum, and then for EA solution preparation. Tap water was first purified with the filter 

membrane (0.45 µm), then used to prepare "B-buffer" instead of Milli-Q water. The prepared 

"B-buffer" was applied for EA solution preparation. All other solutions were prepared with 

Milli-Q water (18.2 MΩ cm resistivity) from a Millipore Milli-Q system (Thermo Scientific 

EASYpure II). 

2.2 Fabrication of the DNA sensor 

The gold electrodes were cleaned prior to thiolated DNA modification as reported before 

[19]. Briefly,the gold electrodes were first mechanically polished on a microcloth (Buehler) with 

Gamma alumina (0.05 µm) slurries, followed by successive sonication in ethanol and Milli-Q 

water for 5 min. Then, the electrodes were electrochemically cleaned in 1 mol L−1 H2SO4 by 

cyclic voltammetry (CV) (0-1.5 V vs Ag/AgCl) cycling to remove any remaining surface 
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impurities. After thoroughly rinsed with Milli-Q water, the gold electrodes were blown-dry with 

a nitrogen gun, and ready for DNA modification. The DNA modified films were prepared by 

incubating the freshly cleaned gold electrodes in the prepared DNA solutions (1 µM), followed 

by backfilling potential pinholes and defects by soaking the DNA films in 1 mM 

6-mercaptohexanol for 1h. Then the electrodes were washed with Tris-HCl buffer (20 mM, 

pH=7.4) and mounted into an electrochemical cell for impedimetric measurements. After rinsing 

with buffer again, the preprared sensors were incubated in B-buffer for 2h. Finally, the prepared 

sensors were ready for EA detection (each sensor can be used only once), and EIS of the sensor 

was recorded. Rinsing each layer of the electrode for 30s with buffer before EIS measurement 

and all EIS experiments were conducted at 25 ℃ in Tris-NaClO4 (20 mM, pH=7.4) buffer 

solution. 

2.3 Electrochemical measurements 

Electrochemical experiment for Electrochemical Impedance Spectroscopy (EIS) and 

Chronocoulometry (CC) was carried out on a CHI 650D electrochemical workstation (Shanghai 

Chenhua instrument Co. Ltd., China). As reported before [12], a conventional three-electrode 

system was used. The DNA modified gold electrode was employed as the working electrode. 

The reference electrode was constructed by sealing an Ag/AgCl wire into a glass tube with a 

solution of saturated KCl that was capped with a Vycor tip. The counter electrode was a platinum 

wire. 

The ac voltage amplitude was 5 mV, and the voltage frequencies used for EIS 

measurements ranged from 100 kHz to 100 mHz. The applied potential was 250 mV vs. 
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Ag/AgCl (formal potential of the redox probe [Fe(CN)6]
3-/4- in the buffer solution). 

CC measurements were successively performed in Tris-HClO4 (20 mM, pH=7.4) and 100 

µM [Ru(NH3)6]
3+ Tris-HClO4 (20 mM, pH=7.4) buffer solution. The test solutions were firstly 

bubbled thoroughly with high purity nitrogen for 10 min prior to CC measurement. The 

following parameters were employed for CC: pulse period = 500 ms, pulse width = 500 mV. 

All measurements were repeated for a minimum of three times with separate electrode to 

obtain the statistically meaningful result. All experiments were performed at room temperature. 

2.4 Circular dichroism measurement 

Circular dichroism (CD) spectra were measured with a Jasco J-810 spectropolarimeter at 

room temperature. The 25 µM DNA solution was prepared in Tris-HCl buffer (20 mM, pH=7.4) 

and B-buffer, respectively. Subsequently, added to this B-buffer solution was 25 µM EA for 2h. 

The spectra were accumulated and averaged from three scans recorded from 200 nm to 400 nm 

at 0.5 nm intervals with an scan rate of 200 nm min-1. 

3. Results and discussion 

3.1 EA Sensing Principle 

<Scheme 1> 

A schematic diagram illustrating the sensing principle was shown in Scheme 1. The 

designed label-free aptamer DNA sequence, in which the underlined bases are complementary 

pairs, can self-assemble into hairpin structure with a stable stem near the 5’-end. The G-rich 

sequence (bold bases), which is located in the single-stranded loop, can form a G-quadruplex 

strcture in B-buffer solution and then capture EA serving as the binding site [11]. The specific 
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binding interaction of EA and G-quadruplex, forming EA/G-quadruplex complex, resulted in the 

charge-transfer resistance (RCT) increase between the solution-based redox probe [Fe(CN)6]
3−/4− 

and the electrode surface. The increase of ∆RCT (∆RCT=RCT(after)-RCT(before)) is positive related to 

the EA level, and the determination of EA can be achieved. 

3.2 Demomstration of the principle 

< Fig. 1> 

As for the proposed mechanism, CD spectra were first applied to investigate the 

conformational switches of the Ap-DNA. As shown in Fig. 1, the designed Ap-DNA showed a 

negative peak at 246 nm and a positive peak around 275 nm in Tris-HCl (20 mM, pH=7.4) 

(curve a), which was indicative of the formation of a stem-loop structure (hairpin DNA) [31]. 

And no obvious CD change was observed when incubating the Ap-DNA in Tris-HCl (20 mM, 

pH=7.4) buffer containing EA (curve b), suggesting that the presence of EA can not destroy the 

formed stem-loop structure. In contrast, incubation in B-buffer of the Ap-DNA displayed a blue 

shift of the negative and positive band with significantly increased intensity. And the Ap-DNA 

exhibited a strong positive peak at 266 nm and a negative peak at 242 nm (curve c), which was 

indicative of parallel K+-stabilized G-quadruplex [32, 33]. The results demonstrated that the 

presence K+ could induce the hairpin Ap-DNA structural change, forming K+-stabilized 

G-quadruplex. However, only a very small CD change was observed when adding EA to the 

K+-stabilized G-quadruplex system (curve d), which is negligible compared to that of the 

Ap-DNA/K+ system, suggesting no further G-quadruplex structural change was induced by EA. 

Therefore, we can inferred that K+-stabilized G-quadruplex is essential for EA detection, 
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offering the binding site of EA [11]. 

Subsequently, EIS mesurements were carried out to confirm the sensing principle on the 

electrode. First, the Ap-DNA films were prepared by incubating the freshly cleaned gold 

electrodes in the prepared 1 µM Ap-DNA solution for 6 h (see supporting information Fig. S1). 

Then, the prepared Ap-DNA films were incubated in B-buffer solution for 2 h, and the Ap-DNA 

was transformed into G-quadruplex complex on the electrode surface. EIS was applied to track 

the processes and the representative Nyquist plots for the corresponding films were shown Fig. 

S2 (see Supporting Information). The impedance spectra for all the systems were analyzed with 

the help of a modified Randles’ equivalent circuit (inset of Fig. S2) [34]. As shown in Fig. S2, a 

large RCT increase was observed when the prepared Ap-DNA films were incubated in B-buffer 

solution for 2 h, revealing that the Ap-DNA was transformed into G-quadruplex on the electrode 

surface. This is because the formed K+-stabilized G-quadruplex had a higher space charge 

density than the Ap-DNA that enhanced the repulsion of the redox probe [Fe(CN)6]
3-/4- [35]. To 

further confirm this transformation, the positive redox probe of [Ru(NH3)6]
2+/3+ was also applied 

for EIS measurement as shown in Fig. S3. 

< Fig. 2> 

Next, the specific interaction between the formed G-quadruplex and EA was further 

confirmed. The representative Nyquist plots of the binding interaction between G-quadruplex 

films with 1.6 mM EA were shown in Fig. 2. As shown in Fig. 2, the RCT significantly increased 

after incubating the G-quadruplex films in EA solution for 1h (optimization of incubation time 

shown in Fig. S4), indicating the specific binding interaction between the formed G-quadruplex 
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and EA. This can be rationalized that the formed G-quadruplex on the electrode surface can 

provide binding sites for EA, forming EA/G-quadruplex complex [11], which hinders the 

electron transfer [36], resulting in an increased RCT. 

Until now, a question maybe raised: wheather EA can interact with single strand DNA 

(ss-DNA) modified DNA films? EIS measurement was applied to evaluate the interaction effect 

of ss-DNA with EA with the concentration of 1.6 mM. To confirm this, an arbitrary ss-DNA was 

immobilized on the gold electrodes and then applied to investigate the interaction with EA (the 

same precedure as the Ap-DNA film). The representative Nyqiust plots were analyzed with the 

equivalent circuit (inset of Fig. 2) and the corresponding ∆RCT were obtained as shown in Fig. S5 

(see supporting information). As shown in Fig. S5, however, only a very small increase of RCT 

was observed over the same period when the ss-DNA film was utilized, and the ∆RCT was about 

17.3 (2.8) Ω·cm2, which was negligible in contrast to the ∆RCT of Ap-DNA film induced by EA. 

Hence, it was reasonably concluded that the significantly increased ∆RCT of the Ap-DNA film 

was indeed due to the specific interaction of EA with the G-quartet binding site. 

Based on the results discussed above, it can be concluded that: (1) the thiolated Ap-DNA 

was self-assembled on the gold electrodes via the strong covalent Au-S bond; (2) the 

immobilized hairpin Ap-DNA folds into G-quadruplex structure when incubated in B-buffer; (3) 

the formed G-quadruplex of Ap-DNA, which acts as the EA binding sites, can capture EA onto 

the electrode surface, as shown in Scheme 1. Due to the binding interaction with EA, RCT of the 

G-quadruplex film was significantly increased. As a result, with Ap-DNA as a sensing probe, the 

∆RCT as an electrochemical signal was applied for the detection of EA. 
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3.3 Electrochemical detection of EA 

Based on the sensing mechanism, Ap-DNA was applied as a probe to immobilize on the 

gold electrodes for electrochemical detection of EA by EIS. The freshly prepared G-quadruplex 

modified electrodes were immersed into EA/B-buffer solutions for 1h. The representative 

Nyquist plots of the binding interaction between G-quadruplex films with 1.6 mM EA were 

shown in Fig. 2. The impedance spectra were analyzed with the modified Randles’ equivalent 

circuit (inset of Fig. 2) [34], and the fitting results were listed in Table 1. 

<Table 1> 

The solution resistance, Rs, is the resistance between the reference electrode and the 

G-quadruplex films of Ap-DNA immobilized on the working electrodes, which ranged from 4.4 

(0.2) Ω·cm2 to 5.4 (0.2) Ω·cm2. Cfilm accounts for the capacitance of the Ap-DNA films on the 

gold electrodes. As shown in Table 1, Cfilm was decreased after immersing the Ap-DNA films in 

EA solution, revealing that the interaction on the Ap-DNA film might lead to an increase in the 

film thickness that resulted in a decreased dielectric constant [35]. The combination of Rx and 

the constant phase element (CPE) accounts for the behavior of the 6-mercaptohexanol groups on 

the electrode surfaces [36, 37]. CPE acts as a nonlinear capacitor accounting for the 

inhomogeneity of the films on the electrode surface with the exponential modifier n = 0.9 [38, 

39]. Mass transport is not a major contributor because of the absence of Warburg impedance as 

shown in Fig. 1. 

The most important parameter is the charge-transfer resistance (RCT) [40], which is the 

result of the resistance to charge transfer between the solution-based redox probe [Fe(CN)6]
3-/4- 
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and the electrode surface. As shown in Table 1, after incubating the G-quadruplex Ap-DNA 

films with 1.6 mM EA solution for 1h, the RCT significantly increased from 1190.8 (59.7) Ω·cm2 

(RCT(before)) to 1603.7 (75.3) Ω·cm2 (RCT(after)) and the ∆RCT was about 412.9 (27.4) Ω·cm2. 

Therefore, the ∆RCT was a very significant parameter to be applied for the detection of EA. 

<Fig. 3> 

Susequently, we investigated the relationship between the ∆RCT of the Ap-DNA films and 

the concentrations of EA with the concentrations ranged from 0.08 nM to 1.6 mM. As shown in 

Fig. 3A, the ∆RCT was sharply increased with increasing the concentration of EA from 0.08 nM 

to 1.6 mM, until the inflection point appeared when the EA concentration reached 160 nM, 

suggesting that the higher EA concentration was used, the more G-quadruplex/EA complexs 

formed on the electrode. After that, the ∆RCT changed slowly with the increased EA 

concentration from 160 nM to 1.6 mM, whereas upon decreasing the concentration of EA to 0.08 

nM, no distinct ∆RCT change was observed compared to that in buffer solution, which was due to 

the less G-quadruplex/EA complexs formed on the electrode films. And the detection limit was 

determined to be 0.08 nM, which is comparable to the fluorescent assay for EA (0.01 nM) [11] 

and much lower than that of chromatographic methods as shown in Table S1. Fig. 3B showed 

the linear dependance between ∆RCT and the concentrations of EA in the range of 0.16 nM to 16 

nM, and the regression equation was Y(∆RCT)=60.6+5.4X(CEA) with a correlation coefficient of 

0.97. 

3.4 Selectivity and stability of the sensor 

< Fig. 4> 
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Selectivity is one of the significant performances of the biosensor, so the selectivity of the 

Ap-DNA sensor was exploited by measuring the ∆RCT of the Ap-DNA films in the presence of 

other chemicals with similar structure, such as 1.6 µM ethanol, glycol, isopropanol and 

isopropanolamine (IPA), respectively. As shown in Fig. 4, EA caused a considerable increase in 

∆RCT (∆RCT=RCT(after)-RCT(blank)), while even with 100 times excess of other selected compounds, 

the ∆RCT was substantially lower than with EA. This excellent selectivity could be attributed to 

the highly specific binding interaction of G-quadruplex with EA. Compared with the 

homogeneous assays such as fluorescent methods, one advantage of the electrochemical 

Ap-DNA sensors is that it suffers less environmental interference, for the electrodes can be 

rinsed before every operation step, which also avoids the worry that the fluorescent signal may 

be quenched by other coexisting compounds. The excellent ability of the Ap-DNA sensor to 

discriminate EA from other chemicals by EIS added a new and important dimension of 

selectivity. 

Furthermore, we also investigated the stablity of the Ap-DNA film. As shown in Fig. S6, 

after incubating the G-quadruplex films with 160 nM EA solution for 1h, the RCT significantly 

increased and the ∆RCT was about 339.5 (13.9) Ω·cm2. However, no significant ∆RCT loss was 

observed when the Ap-DNA film was incubated in B-buffer at 4 ℃ even for 7 days (305.1 

(24.5) Ω·cm2). The results demonstrated that a stable Ap-DNA film formed on the gold electrode 

due to the Au-S covalent bonding. Besides, very small uncertainty values (Error bar) were 

obtained, varied from 4.1% to 8.0%, demonstrating good reliability of the sensor. 

3.5 Application in real samples 
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<Fig. 5> 

Finally, in view of the importance of EA detection in real samples, the performance of the 

Ap-DNA sensor was also challenged in tap water and serum samples. As shown in Fig. 5, after 

incubating the Ap-DNA sensor in serum samples containing EA 16 nM, 160 nM and 1600 nM, 

the RCT of the Ap-DNA films significantly increased and the ∆RCT were 122.7 (1.7) Ω·cm2, 

308.9 (27.5) Ω·cm2 and 318.7 (38.9) Ω·cm2, respectively, which was comparable as that 

obtained in B-buffer solution. Similarly, a continuously increased ∆RCT was observed as well 

when immersing the Ap-DNA sensor in tap water sample containing EA of 16 nM, 160 nM and 

1600 nM, and the ∆RCT were 136.2 (7.8) Ω·cm2, 319.9 (17.4) Ω·cm2 and 339.7 (18.7) Ω·cm2, 

respectively. The results implied that the designed electrochemical Ap-DNA sensor can be 

efficiently applied to recognize EA in tap water and serum samples for further environmental 

and biomedical application. 

4. Conclusion  

To conclude, a label-free sensing assay has been developed for ethanolamine (EA) 

detection by electrochemical impedance spectroscopy. The sensor employed a G-rich aptamer, 

then forming the K+-stabilized G-quadruplex on the electrode surface, which provides binding 

sites for EA, thus greatly enhanced the selectivity and sensitivity, with a detection limit of 0.08 

nM. The Ap-DNA sensor was successfully challenged in tap water and serum samples. This 

method enables detection of EA without any chemical modification or fluorescent labeling of the 

Ap-DNA, which offered a platform for prospective future development of a label-free, simple, 

sensitive and low-cost assay for the EA detection. 
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Figure Captions 

Scheme 1. Schematic representation of Ap-DNA for the detection of EA 

Fig. 1 The CD spectra of: (a) 25 µM Ap-DNA in Tris-HCl; (b) addition of 25 µM EA to (a); (c) 

25 µM Ap-DNA in B-buffer; (d) addition of 25 µM EA to (c). 

Fig. 2 Representative Nyquist plots (−Zim vs. Zre) for the formed G-quadruplex Ap-DNA films 

(white circle) before and after interaction with 1.6 mM EA for 1 h (black circle). Measured data 

were shown as symbols with calculated fit to the equivalent circuit as solid lines. Inset: the 

measured data were fit to the equivalent circuit; Rs, solution resistance; RCT, charge-transfer 

resistance; Cfilm, capacitance of the Ap-DNA films; Rx and CPE, resistance and nonlinear 

capacitor accounting for 6-mercaptohexanol film. 

Fig. 3. Sensitivity for EA in B-buffer solution (A): Relationship between ∆RCT and the 

concentrations of EA. Inset: the magnified section with EA concentrations ranged from 0.08 nM 

to 160 nM; (B) Linear relationship between ∆RCT and the concentrations of EA ranged from 0.16 

nM to 16 nM. The flat horizontal line represents ∆RCT in buffer solution. Error bars are derived 

from a minimum of three electrodes. 

Fig. 4. Selectivity of the Ap-DNA sensor for EA (16 nM) and other selected chemicals (such as 

1600 nM ethanol, glycol, isopropanolamine (IPA) and isopropanol) (∆RCT =RCT(after)-RCT(buffer)); 

Error bars are derived from a minimum of three electrodes. 

Fig. 5 The ∆RCT change for the different concentration of EA after incubation with Ap-DNA 

films in (A) 10% serum; (B) tap water. (Concentration of EA: 16 nM, 160 nM, 1600 nM) 
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Table Captions 

Table 1. Equivalent Circuit Element Values for The Formed G-quadruplex Ap-DNA Films 
Before and After Incubating with 1.6 mM EA 
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Table 1. Equivalent Circuit Element Values for The Formed G-quadruplex AP-DNA Films 

Before and After Incubating with 1.6 mM EAa 
Circuit elements 

 Rs 

(Ω·cm2) 

Cfilm 

(µF·cm-2) 

RCT 

(Ω·cm2) 

Rx 

(Ω·cm2) 

CPE 

(µF·cm-2) 

n ∆RCT 

(Ω·cm2) 

DNA 

films 
4.4(0.2) 3.2(0.04) 1190.8(59.7) 3.8(0.3) 11.41(0.32) 0.9(0.02) 0 

+EA 5.4(0.2) 1.7(0.02) 1603.7(75.3) 1.6(0.2) 10.11(0.41) 0.9(0.03) 412.9(27.4) 
a
The values in parentheses represent the standard deviations from at least three electrode measurements. 
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Highlights 

� Label-free aptamer DNA sensor is developed for EA detection. 

� Aptamer switches to G-quadruplex on the electrode, offering the binding site of EA. 

� CD and EIS confirm the sensing mechanism. 

� The sensor exhibits excellent selectivity and high sensitivity. 

� The sensor is successfully challenged in serum and tap water samples. 


